We investigated the distribution of protein disulfide isomerase (PDI) family proteins PDI, ERp72, and ERp6l in rat tissues and compared their localization by immunohistochemical double staining. The extent of their acpression was diverse in different cell types, although they were ubiquitously distributed in a wide variety of cell types. Prominent staining for all three proteins was detected in thyroid follicular epithelia, tracheal mucous gland cells and chondrocytes, and chief cells and mucous neck cells of the stomach. Hepatocytes, neuronal cells in brain and spinal cord, and pancreatic acinar cells were also consistently and uniformly stained, but with low intensity. On the other hand, distinct differences were observed for the expression of the three proteins in plasma cells, pancreatic islet cells, goblet cells, and Paneth's cells of intestines, seminiferous epithelia, and salivary gland ductal epithelia. The similarities and Uerences in the distribution of the three proteins provide helpful clues to their biological functions. (JHistochem Cytochem d:751-759, 
Introduction
The final conformation of a protein is determined by its amino acid sequence in the cell, as in vitro. However, recent studies of the mechanisms of protein folding have provided evidence that at least two classes of proteins assist in this process. Molecular chaperones stabilize unfolded or partially folded polypeptides and prevent adoption of an inappropriate conformation. The enzymes that catalyze the formation and isomerization of intraor intermolecular covalent bonds of newly synthesized proteins are also important for protein folding (1). The best characterized of the latter is protein disulfide isomerase (PDI). It is well known to be concerned with protein folding by forming disulfide bonds of polypeptides, has an endoplasmic reticulum (ER) retention signal (Lys-Asp-Glu-Leu; KDEL) at the COOH terminus (2,3), and is active in the ER (1,4-7). Two homologous domains closely related to thioredoxin, a small redox cytoplasmic protein, have been found
19%)
in the PDI sequence and were shown to be active sites involved in the disulfide interchange reactions (3).
Recently, other ER resident proteins containing thioredoxin-like domains have been identified. ERp61 (ER60, 4 2 , GRP58) (8-12) has been purified from microsome fractions of mouse myeloma cells and rat liver tissue. It has also two thioredoxin-like domains and a COOH-terminal tetrapeptide of Gln-Glu-Asp-Leu (QEDL), which is a variant of the consensus ER retention signal (13). ERp72, identified as a luminal ER protein of murine plasmacytoma cells, has been shown to bear three thioredoxin-like domains and a Lys-Glu-Glu-Leu (KEEL) sequence at the COOH terminus (14-16). P5, a 50-KD protein that is highly expressed in hydroxyurea-resistant hamster cells, also possesses a pair of thioredoxin-like domains and an ER retention signal in the COOH terminus (17). CaBPl and CaBP2 are Ca2+ binding proteins isolated from rat liver microsomes, which have been found to be rat homologues of P5 and ERp72, respectively (18, 19) . They share a sequence (Cys-Gly-His-Cys; CGHC) responsible for their redox activity. However, they have been shown to possess other functions, and details of their roles in vivo remain to be clarified.
Because a knowledge of the comparative distribution of each protein might offer a key to this question, the present systematic investigation of the localization of PDI, ERp72, and ERp6l in rat tissues was performed.
Materials and Methods
Reagents and Antibodies. MonoQ and Superdex 200HR columns were purchased from Pharmacia (Uppsala, Sweden). DEAE-cellulose (DE52) and
Green A Matrex gels were obtained from Whatman (Maidstone, UK) and
Amicon (Beverly, MA), respectively. Bovine PDI purified from liver was purchased from Takara (Kyoto, Japan). Bovine insulin from Sigma (St Louis, MO), reduced glutathione (GSH) from Wako (Osaka, Japan), and nitrocellulose membranes from Schleicher & Schuell (Dassel, Germany) were used. Affinity-purified. FIE-conjugated goat anti-mouse IgG was obtained from Tag0 (Burlingame, CA). Affinity-purified Texas red-conjugated goat antirabbit IgG was purchased from Southern Biotechnology Associates (Birmingham, AL) and absorbed with mouse IgG. These two antibodies were useful for double staining because each antibody revealed no crossreaction to IgG of the other species. Biotin-conjugated, affinity-purified goat antirabbit IgG and horseradish peroxidase (HRP0)-conjugated streptavidin were obtained from Vector Laboratories (Burlingame, CA). Rabbit anti-mouse immunoglobulins and HRPO-conjugated rabbit anti-mouse immunoglobulins were purchased from Dako (Glostrup, Denmark). Anti-rat PDI (P-subunit of prolyl-4-hydroxylase) mouse monoclonal antibody (MAb) was purchased from Fuji Chemicals (Toyama, Japan). Affinity-purified polyclonal antibody to mouse ERp6l was as previously described (20) .
Animals. All animal experiments were designed according to the Guidelines for Animal Experimentation of Nagoya University School of Medicine. Female Wistar rats at the age of 8 weeks and male and female Balb/c mice at the age of 6-24 weeks were used.
Purification of ERp72. ERp72 was purified from rat liver. All procedures were carried out at 4°C. The microsomal fraction was prepared as described by Srivastava et al. (9) with some modifications and was extracted with 30 mM Tris-HC1, pH 7.5. buffer containing 0.5% Triton X-100 and 1 mM EGTA. After centrifugation at 100,000 x g, the supernatant obtained was dialyzed with Buffer A (50 mM Tris-HC1, pH 7.5. 80 mM NaCI). The precipitate was removed by centrifugation, and the sample was applied to a Green A Matrex gel (1 x 16 cm) equilibrated with Buffer A. After washing the column with the same buffer, proteins binding to the gel were eluted with a linear gradient of 0.08-2.5 M NaCl in Buffer A. The fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and those containing ERp72 were pooled and dialyzed against Buffer B (20 mM Tris-HC1, pH 7.5). The dialysate was applied to a MonoQ column equilibrated with Buffer B. After washing with Buffer B, bound proteins were eluted with a linear gradient of 0-0.6 M NaCl in Buffer 3, After analysis by SDS-PAGE, the fractions containing ERp72 were collected and concentrated with Centricon-30 (Amicon). The concentrate was applied to a Superdex 2OOHR (10 x 30 cm) column equilibrated with Buffer C (20 mM Tris-HC1, pH 7.5. 0.15 M NaCI). After analysis by SDS-PAGE, the purified ERp72 was concentrated and stored at -80°C. Human ERp72 was also purified from a liver autopsy specimen in essentially the same way as for the rat Preparation of Antibodies to ERp72. Purified rat ERp72 (200 vg) emulsified with Freund's complete adjuvant was injected intradermally into a Japanese white rabbit. A booster injection (200 pg) with incomplete adjuvant was given 4 weeks later and serum was collected 2 weeks after the last injection. The IgG fraction was purified with protein A-agarose ( h e rsham; Amersham, UK). Affinity-purified anti-ERp72 IgG was obtained according to the method previously described (20) . To prepare MAb to ERp72. purified human ERp72 (50 pg) emulsified with Freund's complete adjuvant was injected intradermally into the back of a Balblc mouse. A first booster injection (30,pg) with incomplete adjuvant was given intradermally 4 weeks later and a second booster injection (24 pg) without adjuvant was given intraperitoneally 2 weeks thereafter. The mouse was sacrificed 3 days after the final injection, and its spleen cells were fused with mouse myeloma cells, SP2/O-Ag14, using polyethylene glycol 4000 (Merck; Darm-stadt. Germany). Fused cells were screened for antibody production by immunofluorescent staining of cultured human skin fibroblasts with their medium.
SDSPAGE and Western Blotting. SDS-PAGE and Western blotting were performed as previously described (21) . Silver staining of SDS-PAGE was carried out according to the method of Morrissey (22) .
Insulin Reduction Assay. Thio1:protein disulfide oxidoreductase/ glutathione-insulin transhydrogenase activity (EC 1.8.4.2) was examined by insulin reduction assay according to Holmgren's method (23) with slight modifications. Briefly, 0.14 mM insulin was incubated in 200 pl of 50 mM bis-Tris, pH 7.0, with rat ERp72, mouse ERp61 (20) . or bovine PDI (at a concentration of 1 pM) in the presence of 6 mM GSH and 2 mM EDTA for 60 min at room temperature (23°C). Increase of turbidity due to the reduction of disulfide bonds in insulin was monitored by measuring absorbance at 578 nm using the kinetics assay mode of an Ultraspec-plus spectrophotometer (Pharmacia) at 1 min intervals.
Immunofluorescence. Rats were perfused through the heart for 15 min with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The organs were removed and cut into 5-mm cubic blocks. Frozen sections of the tissues were prepared as previously described (21, 24, 25) . The sections were preincubated in 10% normal goat serum for 30 min to block nonspecific staining. For double staining of ERp72 with PDI, ERp6l with PDI, and ERp6l with ERp72, the sections were incubated for 30 min with the appropriate combinations of rabbit and mouse MAbs. After washing with PBS, they were stained with FIX-labeled anti-mouse IgG and Tcxas red-labeled anti-rabbit IgG. All immunofluorescence specimens were observed under a confocal laser scanning microscope equipped with a krypton-argon laser (MRCSOO; Bio-Rad. Watford, UK).
Results

Purification of ERp72 and Its Enzyme Activity
About 200 pg of ERp72 was purified from 3 ml of rat liver microsomal extract containing 30 mg proteins/mL Figure 1A shows the proteins in the fractions obtained at each step of the ERp72 purification, analyzed on SDS-PAGE. The purity of ERp72 in the final fraction was estimated by densitometery to be 98% or above.
In the case of purification of human ERp72, similar purities were obtained (data not shown). Because redox xtivity has been reported for ERp72 (18), as expected from its characteristic structure with thioredoxin-like domains including the consensus sequence (CGHC) of the active site, to identify our purified proteins as ERp72 we examined their thio1:protein disulfide oxidoreductase activities.
ERp72 from rat liver indeed catalyzed the reduction of insulin disulfide bonds as well as bovine PDI and mouse ERp61 (20) , although the activity of ERp72 and ERp6l was lower than that of PDI ( Figure 2 ). ERp72 from human liver also showed thiokprotein disulfide oxidoreductase activity (data not shown).
Preparation and Characterization of Antibodies
To elucidate the tissue localizations of PDI family proteins, we used an MAb against rat PDI and the polyclonal antibody against mouse ERp61 which was previously described and w found to recognize rat ERp6l (20) . Both antibodies have been verified to be specific in rhe previous work (20) . The polyclonal antibody against rat ERp72 was prepared by immunizing a rabbit with the purified rat ERp72. Mouse hybridomas producing MAbs against human ERp72 were also established. Among the selected clones, one (hybridoma 9-41. IgGIK) demonstrating crossreaction with the rat antigen was used for this study. The IgG fraction of this MAb was purified from serum-free conditioned medium of the hybridoma. The specificity of affinity-purified rabbit anti-rat ERp72 IgG and mouse MAbs to ERp72 was checked by immunoblotting analysis of the microsome fraction from rat liver. Both antibodies recognized a single band at the 72-KD position corresponding to purified ERp72 (Figure IB) .
Distribution of PDI, ERp72, and ERp6l in Rut Tissues
Immunohistochemistry of PDI, ERp72, and ERp6l in rat tissues revealed their ubiquitous distribution in a wide variety of cell types although the extent of their expression was diverse ( Table 1) . The distribution of ERp6l in rat tissues was entirely consistent with that in mouse tissues described in a previous report (20) .
In many tissues the immunostaining for each enzyme showed similar distribution patterns. In liver, which is often used as a source of purification, hepatocytes exhibited moderate staining for all three ( Figure 3A ) and the thyroid follicular epithelia were strongly positive ( Figure 3B) . The neurons in central nervous system tissues, including the spinal cord, exhibited moderate amounts of PDI, ERp72, and ERp61 ( Figure 3C ). Mucus glands in the tracheal submucosa also contained large amounts of the three proteins, and the apical cytoplasm of tracheal and bronchial epithelial cells, as well as chondrocytes of tracheal cartilage, was positive ( Figure 4B ). In skeletal, cardiac, and smooth muscle cells, the staining for all three enzymes was too weak to be detected (data not shown). In other tissues, expression varied widely among different cell types. In gastric mucosa. for example, these enzymes were strongly expressed in the chief cells as well as mucous neck cells, whereas parietal cells demonstrated much smaller amounts of the proteins (Figure 4C) .
In many cases, expression levels of the individual enzyme markedly differed. In the salivary gland, PDI was abundant in the epithelia of serous glands, whereas it was poor in that of mucous glands or secretory ducts. In contrast, the immunostaining for ERp72 and ERp6l was very striking even in the latter ( Figure 4A ). PDI was abundant in exocrine pancreatic cells but scant in islet cells. Conversely, ERp6l was more abundant in islet cells than in exocrine cells, and ERp72 was detected at almost equal levels in both ( Figure 5A ). ERp6l was equally detected in all types of cells in seminiferous tubules, whereas PDI was mainly located in the cells that lined the base of the tubules. The staining pattern for ERp72 in the tubules was intermediate between the distributions of ERp61 and PDI ( Figure 5B ). In the small intestine, surface epithelia of the villi contained all enzymes in moderate amounts in the apical cytoplasm, whereas immature goblet cells expressed large amounts of ERp72 and ERp6l but a very tiny amount of PDI. They thus Data from a previous study (20) . ' Class of immunoglobulin was not confirmed contrasted clearly with Paneth cells, which displayed bright staining only for PDI (Figure 5C ). The three proteins were also expressed to different degrees in different subsets of cells in the pituitary gland (data not shown), although it was not determined which enzyme is rich in which particular subset of cells.
The most characteristic distribution of these enzymes was seen in immunoglobulin-producing cells. Marked expression of ERp72 was detected in the cytoplasm of cells infiltrating the interstitium of the salivary gland ( Figure 4A ), the tracheal submucosa ( Figure  4B) , and the lamina propria of gastric mucosa ( Figure 4C ), contrasting with very low expression of PDI in such cells. Double staining for these enzymes and immunoglobulins showed that most of these cells were IgA-producing plasma cells (data not shown). The same situation was seen in plasma cells of intestines, in which immunostaining for ERp6l was found to be relatively strong, although weaker than that for ERp72, and PDI was hardly detected ( Figure   5C ). Moreover, the immunohistochemical results for PDI, ERp72, and ERp61 in lymph nodes, spleen, and bone marrow indicated the plasma cells producing IgM to be also rich in ERp72, fair in ERp61, and poor in PDI (data not shown; manuscript in preparation).
Discussion
Previous studies of PDI distribution have primarily been concerned with quantitative comparisons of tissue homogenates (26.27 ). The present immunohistochemical studies provided the first information on the tissue distribution of PDI and ERp72 while complementing our previous report on ERp61 in the mouse (20) . Because PDI, ERp72, and ERp61 share thioredoxin-like domains (3,13,16) and possess disulfide isomerase and thiol:protein oxydoreductase activity (9,18-20,28,29). they would be expected to exist in cells that produce large amounts of proteins including many disulfide bonds. High expression of the three proteins was indeed detected in thyroid follicular epithelial cells, mucus-secreting cells in the stomach and tracheobronchial gland, and in some kinds of neuroendocrine cells, which are known to secrete proteins rich in intramolecular and/or intermolecular disulfide bonds such as thyroglobulins (30) (31) (32) . core proteins of mucins (33) . and chromogranins (34) . The finding that the chief cells. which mainly produce pepsinogens containing six disulfide bonds (35, 36) , express more PDI, ERp72, and ERp61 than the parietal cells, which produce HCI in the gastric mucosa, is in line with this hypothesis. However, it is unlikely that the three proteins play exactly the same role at the same step of the reaction in the same cell. Therefore. the characteristic expression of these enzymes in the different cell types in the pancreas, intestines, and testis deserve much more attention.
The fact that the staining for PDI in islet cells was very weak leads to the hypothesis that PDI might not be essential for disulfide bond formation in the proteins that are richly produced in such cells. We previously demonstrated that the ERp6l staining in B-cells of pancreatic islets was stronger than that in A-cells and postulated that ERp6l might play an important role in producing insulin with interchain disulfide bonds (20) . In the small intestines, prominent expression was observed in goblet cells in the ERp72 and ERp6l cases, but not for PDI. Goblet cells synthesize large quantities of mucins. MUC2 intestinal mucins have been found to contain cysteine-rich stretches that participate in mucin oligomer formation (33) . Therefore, the high levels of expression of ERp72 and ERp6l in goblet cells would be in agreement with the concept that these enzymes play a role in this process. rather than PDI. In contrast, the Paneth cells were found to contain abundant PDI instead of ERp72 and ERp61. Because their function remains largely unknown, the significance of high PDI expression is obscure but is clearly noteworthy.
Of particular interest is the distinct variation in expression of PDI family proteins in the immunoglobulin-producing cells. Several in vitro and in vivo studies have referred to the implications of PDI participation in the disulfide bond formation for immuno-globulins. Della Corte and Parkhouse (37) reported that PDI promotes in vitro polymerization of immunoglobulins. Roths group showed that the contents of PDI in cells actively secreting immunoglobulins were much higher than in unstimulated cells (38) . and later proved the existence of in vivo crosslinkage of PDI to IgM using chemical crosslinkers (39) . Marked induction of PDI during differentiation of lipopolysaccharide (LPS)-induced lymphocytes into immunoglobulin-secreting cells has also been shown (40). On the other hand, Lewis et al. (8.14) reported that synthesis and accumu- lation of both ERp72 and ERp61 increased threefold in response to LPS. We also demonstrated a correlation between ERp61 expression and IgG production in mouse hybridoma cells (20) . The present study demonstrated striking expression of ERp72 and ERp61 in plasma cells located in the interstitium of the stomach, intestines, and salivary glands, strongly contrasting with the faint expression of PDI in such cells. Most were identified as IgA-producing cells by double staining. Both IgA-and IgM-producing plasma cells in spleen, lymph nodes, and bone marrow also contained large amounts of ERp72 and appreciable ERp61, but much lower amounts of PDI. Many cells showed moderate staining for PDI. They appeared to be IgG-producing cells, although it proved difficult to determine the immunoglobulin class because of high deposition of IgG in tissues (data not shown). Therefore, PDI, ERp72, and ERp61 might be concerned with the synthesis of different classes ofimmunoglobulins. We therefore propose the hypothesis that the three different enzymes each have preferences for different substrates, even if all of them catalyze disulfide bond formation of various proteins.
It has been reported that PDI is a multifunctional protein resident in the lumen of the ER (28, 29) . In addition to catalyzing disulfide formation, it has been identified as the B-subunit of prolyl-4-hydroxylase (41). a thyroid hormone-binding protein (42) . a component of the microsomal triglyceride transfer protein complex (43) , and a glycosylation site-binding protein (GSBP) (44). In the case of ERp72 and ERp61, cysteine protease activities have been reported (1 1, 45) , and ERp61 also has carnitine palmitoyltransferase activity (46, 47) , indicating that they are also multifunctional. Moreover, in the past few years, studies of PDI, ERp72, and ERp61 have focused on a new aspect. PDI has been found to be capable of nonspecific peptide binding (48,49), and it has been suggested that it plays a role similar to chaperones in protein folding processes. Thus, PDI was found associated with misfolded lysozyme in vivo (50) and promoted the refolding of denatured lysozyme in vitro when present in a large molar excess (51) . Furthermore, expression of PDI family proteins is related to stress: ERp72 and ERp61 are induced by glucose starvation and by treatment with tunicamycin or ,423187, indicating that they are glucose-regulated proteins (GRP) (12, 18, 52) . ERp72 was also identified in association with MHC Class I1 in the absence of invariant chains (53). Such properties would be expected to be closely connected to any chaperone function. PDI is known to be necessary for viability of yeast (Sacchasomyces cerevistae) (44,54) replaceable with mammalian ERp72 and PDI but not ERp6l (55) . Furthermore, disruption of redox active sites does not result in growth defects in this yeast strain (7). These studies imply that PDI, ERp72, and ERpGl each possess specific functions although they share redox activity in common. Therefore, an alternative interpretation of the cell type-specific expression of PDI family proteins demonstrated in the present study is that the differences observed among the tissue distributions of the three proteins might reflect not only their redox activities but also other functions such as molecular chaperone activity. In conclusion, our immunohistochemical observations provide pointers for the elucidation of their substrate specificity and complex functions.
